As a result of Ruhrverband's regularly performed energy audits the wastewater treatment plant (WWTP) Bochum-Ölbachtal shows substantial deficits concerning energy efficiency. Due to the energy consumption of internal recirculation, mixers and return activated sludge (RAS) pumping the existing pre-denitrification process configuration offers a specific energy consumption for biological treatment of 23 kWh (PE · a)
INTRODUCTION
Energy consumption of wastewater treatment plants (WWTPs) has achieved increased attention over the last years, although the share based on the national overall energy usage is comparatively small. The total energy consumption in Germany amounts to some 600 TWh a À1 from which 4.4 TWh a À1 are used for WWTPs (0.7%) (Haberkern et al. ) .
Nevertheless, from the perspective of a municipality as an operator of the WWTP, in most cases the energy usage on WWTPs has the highest share of all energy consuming activities in the municipality (Mitsdoerffer et al. ) . As a consequence, in times of limited financial resources, much effort is spent to optimise the processes on WWTPs in order to be more energy efficient without compromising the treatment efficiency. In addition to this, the energy prices in many industrialised countries have been increased substantially over the last decades Germany, especially, has recorded a sharp rise mainly due to the politically induced transformation of the energy sector with the overall aim to produce energy until 2015, mostly from renewable resources. Compared to the year 2000, the specific price of electricity for industrial customers has increased by a factor of more than 2.5 which is mainly caused by the substantial levies according to the renewable energy law (EEG) and the various surcharges and taxes as can be seen from Figure 1 .
In 2013, Ruhrverband as an operator of 67 WWTPs and more than 600 other technical facilities has consumed 100.8 GWh of electrical energy from which some 40 GWh were produced by using biogas in combined heat and power (CHP) plants. In order to further increase this value and, thereby, to reduce the external consumption of energy, Ruhrverband has implemented a comprehensive energy programme consisting of a regular monitoring of the energy situation of every single WWTP (energy check and energy pass), detailed analysis of the energy situation (energy audits) and an energy management system (EnMS) according to ISO 50001 (ISO ), in which also strategic energy goals for the whole company are set. Figure 2 shows the distribution of energy consumption on German WWTPs, clearly showing that the highest amount of energy is usually consumed for biological treatment (Haberkern et al. ) . Similar analyses have been conducted for the USA (Crawford ) or for Austria (Lindtner & Brugger ) , showing that by far most of the energy (60-70%) is used for biological treatment. Usually, biological wastewater treatment is accomplished in these countries by means of the activated sludge (AS) process. The main operating cost components of an AS system are those associated with the energy demand for aeration, mixing and pumping and, typically, by far the largest of these is aeration (Kroiss & Cao ; Rosso & Shaw ) . The configuration of the biological process with denitrification capabilities will result in oxygen demand credits, but these will be somewhat offset by the energy required to mix the unaerated zones and by internal recycle pumping. Figure 3 (based on regularly performed energy audits for Ruhrverband's AS WWTPs) shows the distribution of energy consumption for the various uses of electrical energy compared to the benchmarks derived for treatment plants operating under optimum conditions. It is clear that under optimum conditions, aeration is the main consumer of energy. Nevertheless, several energy audits have shown that a substantial amount of energy can be consumed by return activated sludge (RAS) pumping, AS tank mixing and internal recirculation (Jardin & Sandino ) .
The last extension of Ruhrverband's WWTP BochumÖlbachtal from 1996 to 1999 (293.000 PE) aimed at the implementation of full nutrient removal in order to meet the more stringent effluent criteria concerning nitrogen and phosphorus. With adoption of the European Council Directive on urban wastewater treatment in 1991 (EU ), a number of new emission standards were set for wastewater discharge. In sensitive areas, nutrient removal is mandatory for all plants with more than 10,000 population equivalents (PE). For treatment plants with more than 100,000 PE, the German effluent criteria for nitrogen have been set to 13 mg L À1 N tot (total nitrogen means: sum of total Kjeldahl-nitrogen (organic N þ NH 3 ), nitrate (NO 3 )-nitrogen and nitrite (NO 2 )-nitrogen) and 1 mg L À1 P tot , respectively (BMU ). The original design of the WWTP Bochum-Ölbachtal plant focused on using most of the existing civil structure and implemented a classical pre-denitrification system in six parallel lanes. As a consequence, a comparatively high energy consumption results from the necessary recirculation of AS (internal recirculation) and RAS pumping. With a value of 23 kWh (PE · a) À1 (see plant A in Figure 3 ) the specific energy demand of the AS system exceeded by far the energy benchmark for similar plants.
Here, we describe the efforts undertaken to improve the energy situation of this specific plant with the overall goal to aim at energy neutrality without deteriorating treatment efficiency. After a short description of the plant, the identification of the most appropriate measures to achieve this goal is presented. Finally, the results of the last 6 months of operation, documenting that most of the goals have been achieved, are described, followed by some short conclusions.
Plant description
The flow scheme of the WWTP Bochum-Ölbachtal is shown in Figure 4 . The plant was extended between 1996 and 1999 in order to meet the most stringent requirements with regard to nitrogen elimination. This has been achieved by adopting the pre-denitrification process with using most of the existing civil structure. The former secondary clarifiers were modified to nitrification tanks from which the nitrate-rich water is recirculated to the head of the denitrification zone. The overall construction consists of six lanes from which three are shown in Figure 4 . Table 1 summarises the yearly average power consumption in the AS stage of the WWTP Bochum-Ölbachtal as a result of the regularly performed energy audits within Ruhrverband. Although the electricity consumption for aeration is clearly below the ideal value for WWTPs of this size, all other power consumption values are considerably higher, indicating a substantial saving potential with regard to the overall demand. Especially the internal recirculation and the mixing of the denitrification zones consume comparatively high amounts of energy, as this is also the case for the RAS pumping, which is mainly due to unfavourable hydraulic conditions caused by the integration of the existing civil structures and the chosen process of pre-denitrification. For the WWTP Bochum-Ölbachtal with an average loading of some 213,000 PE this energy audit showed substantially higher specific ). The PE-equivalent of the plant is based on the average chemical oxygen demand (COD)-load of the plant divided by 120 g COD (PE · d)
À1
. The actual loading situation before upgrading, which is shown in Table 2 , indicates a typical quality of municipal wastewater with an unfavourable high N tot to COD-ratio of 0.15, setting the limits of total nitrogen elimination (Sobieszuk & Szewczyk ). For any new process concept improving the energy efficiency, this means that this limit should be taken into account in order to avoid a deterioration of the treatment efficiency.
Identifying energy efficient process modifications
To identify the most efficient process configuration in terms of energy demand and treatment efficiency, a thorough simulation study was conducted. Based on the positive experience of Ruhrverband with the step-feed process for enhanced nitrogen removal, different process layouts implementing this process scheme have been compared by using mathematical simulations with the software tool SIMBA (IFAK ).
All process modifications were compared to the existing situation based on: (1) the reduction of the energy consumption of the AS process; and (2) the improvement of nitrogen removal with the ultimate goal to reduce the effluent concentration below 5 mg L À1 N tot , which is the threshold value below which no wastewater fee for nitrogen discharges have to be paid, according to the German wastewater levy act (BMU ).
In the first simulation phase, the step-feed process was directly compared to the existing pre-denitrification mode without having optimised the hydraulic situation within the plant, especially the future need of using the existing recirculation pumps for pumping the wastewater. In this phase, it was, therefore, assumed that the effluent of the first stage is pumped back to the head of the second stage using the existing recirculation pumps. As a result of the simulations, for a period in winter time with a high loading, the effluent total nitrogen concentration for the predenitrification mode of operation amounts to 6.7 mg L À1 N tot , whereas with the step-feed process an effluent concentration of 3.9 mg L À1 N tot could be achieved. Nevertheless, with this mode of operation, the recirculation pumps still have to be used and the possible extent of energy optimisation by reducing the amount of recirculating flow is limited. Therefore, an additional hydraulic optimisation has been conducted in order to figure out if a free flow distribution of the wastewater to the three stages of the stepfeed process could be possible. As a result of this study, a modified process scheme, which is shown in Figure 5 , has been developed which offers the possibility to use a complete free flow through the whole AS system without any additional pumping except an optional internal recirculation in the first stage. The free flow through the system was, in this case, only possible by enlarging the cross-sections of the inner walls between the reactors substantially. Figure 5 shows that the volumes in the three stages for nitrification are different and that it might be useful to adopt an additional post-denitrification zone after the last nitrification zone in the third stage. By using the simulation tools developed for optimising the system, the ratio of wastewater distribution between the three stages was optimised with regard to the different volumes for nitrification and denitrification. The wastewater distribution of 50/33/17 (stage 1/ stage 2/stage 3) proved to be most efficient with respect to energy consumption and treatment efficiency. Therefore, the primary clarification was modified in such a way that this wastewater distribution could be easily adopted for the three stages of the step-feed process. In order to divide the wastewater flow to the second and third stages, the existing overflow construction was modified in such a way that 33% of the wastewater flow is directed into the existing old recirculation pipe and, by this, discharged to the first denitrification zone of the second stage (see Figure 5 ), the remaining 17% are directed to the first denitrification zone of the third stage. Due to the comparatively high denitrification capacity in the first stage, as a result of the higher total solids concentration and the low nitrate loading, an internal recirculation has been implemented which can be optionally used to improve the level of denitrification. The recirculation pumps are controlled by the nitrate concentration at the end of the denitrifying zone of stage 1 of both streets. In addition, the ratio of RAS has been reduced from 0.9 to 0.5. Due to the fact that the RAS has not been any longer distributed to all three lanes and the hydraulically optimised discharge of RAS into stage 1, a reduction of the head loss of the RAS pump from 1.9 m to 1.3 m has been realised.
Upgrading concept
In the former process layout, a total number of 77 stirrers with a specific power consumption of 2.15 W m À3 (143 kW; 66,500 m 3 ) had to be installed in nearly all AS tanks in order to provide an efficient mixing. The number of mixers has been reduced to 42 in the optimised concept. As a consequence, the specific power consumption could be decreased to 0.88 W m À3 without deteriorating the mixing efficiency in the denitrification zones. Due to the installation of full floor aerators no additional mixing is needed anymore in the nitrification zones. Finally, the existing disk diffusers were replaced by plate diffusers, thereby, increasing also the immersion depth of the diffusers. The turbo compressors were equipped with a dynamic pressure control which is intended to promote lower system pressure by using the most open valve logic to determine the system pressure set point (for further details see Jenkins ()).
RESULTS AND DISCUSSION
The total investment costs for the identified optimal process scheme for the WWTP Bochum-Ölbachtal accounted for 3.9 million €. These investment costs could be partly offset against the wastewater charge paid (2.9 million €). The wastewater charge is a sewage fee every WWTP operator in Germany has to pay related to the load (COD, N, P, etc.) which is discharged by the plant into the receiving water. Investments which are intended to reduce these loadings can be offset against the sum of the charge from the last 3 years paid by the operator. Table 3 summarises the actual energy consumption in the AS stage, clearly indicating that by modifying the process for nitrogen elimination by using the three-stage step-feed process a substantial energy saving could be achieved. Compared to the overall consumption of 23 kWh (PE · a)
À1 before the process modification, today the energy consumption is already Figure 5 | Process layout of WWTP Bochum-Ölbachtal after implementing the three-stage step-feed process (only one street of the AS system is shown, the other street has an identical layout). far below the ideal value and amounts to 12.4 kWh (PE · a)
À1
. The highest saving potential has been achieved by optimising mixing and reducing the energy demand for internal recirculation and RAS pumping.
According to the German wastewater levy act (BMU ), no wastewater fees for nitrogen discharges have to be paid if a WWTP is able to constantly not exceed an effluent value of 5 mg L À1 N tot . To comply with this requirement, external carbon sources are dosed in the post-denitrification zone according to the actual level of nitrogen in the effluent of the nitrification zone of the third stage. The calculated expenditures for external carbon sources of approximately 100,000 € a À1 can be easily offset against the wastewater discharge fee for nitrogen which accounts for 160,000 € a
and which could be completely avoided if the effluent total nitrogen concentration is kept below 5 mg L À1 . Table 4 provides an overview of the costs and savings calculated for the implementation of the modified AS process. In total, yearly savings of more than 450,000 € could be achieved, including all capital costs and the additional expenditures for the external carbon source. Because the WWTP has to fulfil the effluent requirements throughout the whole reconstruction period, it was necessary to always have five out of six lanes in full operation during the summer period and four out of six lanes during winter in order to meet the effluent requirements. This caused the comparatively long time for the reconstruction of nearly 2 years. Figure 6 shows the effluent quality in terms of daily average concentrations of ammonium and nitrate measured in the effluent of the biological treatment. It can be clearly Operational costs þ 1,129,500 € a-1 þ 600,000 € a-1 À 529,500 € a-1
Civil structures (payback time 25 a, interest rate 3%) þ 22,300 € a-1
Mechanical equipment (15 a, 3%) þ 45,300 € a-1
Electrical equipment (15 a, 3%) þ 8,300 € a-1
Total costs þ 1,129,500 € a-1 þ 675,900 € a-1 À 453,600 € a-1 seen that the nitrification is complete with effluent concentrations always below 1 mg L À1 NH 4 -N and that, in addition to this, the nitrate concentration could also be kept constantly below 5 mg L À1 , which is needed to be exempted from the wastewater discharge for nitrogen. The effluent requirement of the plant regarding ammonium concentration has been set to 10 mg L À1 NH 4 -N, which is constantly met after the modification to the step-feed process. In the first 6 months of 2015, the total electrical energy consumption of the WWTP Bochum-Ölbachtal accounted for 2.55 GWh, whereas in the same period, 2.47 GWh were produced by the CHP plants. This gives a self-sufficiency in this first half year of 2015 of 97%. By considering further measures for energy optimisation, it is expected that by the end of 2015 the WWTP can be operated energy neutral based on the yearly consumption and the yearly production of electricity as also described for other configurations by McCarty et al. () .
CONCLUSIONS
The example of the WWTP Bochum-Ölbachtal clearly shows that it is worthwhile to consider further measures for improving the energy and treatment efficiency, although most of the machinery was not fully depreciated at the time of implementing the new concept. It is also evident that the regular energy monitoring is essential for identifying further potential for improvement. In this context and based on Ruhrverband's experience, it is highly suggested that energy audits are performed regularly for larger WWTPs. In the case of the WWTP Bochum-Ölbachtal the modification of the treatment process not only results in an improved energy situation but also increased the treatment efficiency in such a way that it is expected that the nitrate concentration in the effluent will be constantly kept below 5 mg L À1 after optimising the process, which provides the basis for being exempted from the wastewater discharge for nitrogen.
As a result of all these measures, the rate of selfsufficiency by using biogas from the digester in CHP units has been increased substantially from 60% before process modifications to 97%. With the upcoming optimisation measures, a further increase of self-sufficiency is expected to finally achieve energy neutrality based on yearly averages.
